Soil bacterial community compositions in burnt and unburnt areas in a tropical rainforest in East Kalimantan, Indonesia, were investigated 8 and 9 years after a fi re by denaturing gradient gel electrophoresis analysis targeting the 16S rRNA gene. Three study sites were set in the forest area devoid of fi re damage (control), and in the lightly damaged and heavily damaged forest areas. Succession of aboveground vegetation in the two damaged areas had clearly proceeded after the fi re, but the vegetation types still differed from the unburnt area at the time of this study. Community composition of total soil bacteria was similar among the three areas, and so was that of actinobacteria. However, the composition of ammonia oxidizing bacteria clearly differed depending on the presence or absence of past fi re damage. These results indicate that even nearly a decade after the forest fi re, impacts of the fi re remained on the community composition of ammonia oxidizing bacteria, but not apparently on those of dominant bacteria and actinobacteria.
Introduction
The largest forest fi re ever recorded occurred during 1997 1998 in East Kalimantan, Indonesia. Vast areas of 5.2 0.3 10 6 ha were burnt including 2.6 10 6 ha of forest under extraordinarily dry weather conditions caused by the El Niño effect (Siegert et al., 2001) . Forest fi res have recently increased in size and frequency across the tropics (Cochrane, 2003) . These fi res are unintended ecological disturbances that transcend deforestation to degrade vast regions of standing forests, and alter forest composition and structure including belowground species such as soil microorganisms and fauna. Although several fi eld studies in boreal and temperate zones have reported the considerable alteration shortly after forest fi re (Acea and Carballas, 1996; Hamman et al., 2007; Smith et al., 2008; Yeager et al., 2005) , only a few studies about impacts of forest fi re on soil bacterial community composition and functions in tropical rainforests are available. In that situation, we examined community composition of total soil bacteria in a tropical rainforest in Bukit Bangkirai, East Kalimantan during 2001 2002 (i.e., 4 5 years after the fi re mentioned above), and reported that dominant bacteria were mostly common between Vol. 55 ISOBE et al. burnt and unburnt areas (Otsuka et al., 2008) .
In addition to the fi re disturbance itself, long-term impacts such as changes in vegetation type in the years following fi re are thought to have a great effect on the soil microfl ora (Hart et al., 2005) . Therefore, long-term observation of belowground microbial species composition is necessary to accurately estimate the disturbance and subsequent recovery of forest ecosystems. In this study, we reanalyzed community composition of soil bacteria by denaturing gradient gel electrophoresis (DGGE) in the same forest where O tsuka et al. (2008) studied. Soil samples were co llected in 2006 and 2007, nearly a decade after the forest fi re, to investigate whether a high commonality of dominant bacteria between burnt and unburnt areas reported previously (Otsuka et al., 2008) remained stable or changed with an obvious succession of forest vegetation in burnt areas after the previous study.
It was reported that the infl uence of fi re differs among bacterial groups (Va quez et al., 1993; Yeager et al., 2005) , and groups that are strongly infl uenced by a forest fi re over the long term might be an indicator of forest recovery after fi res. Thus in addition to the total soil bacterial community, the compositions of actinobacteria and ammonia oxidizing bacteria (AOB) were also evaluated in the present study. Actinobacteria, comprising approximately 13% of total soil bacteria (Janssen, 2006) , are involved in the turnover of organic matter (McCarthy, 1987; Schrempf, 2001 ) and AOB, comprising approximately 0.1 5.7% of total soil bacteria (Okano et al., 2004) , are responsible for the rate limiting step of nitrifi cation (Kowalchuk and Stephen, 2001 ), which makes them important in the carbon and nitrogen cycle in forest ecosystems.
Materials and Methods

Research site.
The research site was located at Bukit Bangkirai (1 S, 117 E), East Kalimantan, Indonesia, where the largest forest fi re had occurred during 1997 1998 (Siegert et al., 2001) . This area has a tropical rainforest climate, with an average annual rainfall of approximately 2,500 mm and average annual temperature of approximately 26 C. Three sampling plots were established in 2001 based on the extent of damage during the 1997 1998 forest fi re (cf. Otsuka et al. 2008 ): a control plot without fi re damage (Plot K), a lightly damaged plot (Plot LD) and a heavily damaged plot (Plot HD). In Plot LD, there were some spots where tall trees were burnt and the canopy was open, whereas in Plot HD, most tall trees were burnt and sunlight reached the forest fl oor. The total area of each plot was about 10,000 m 2 , and the three plots were approximately 500 1,000 m away from one another.
The type of vegetation differed among the three plots (all vegetation data below were based on Eizi Suzuki, Kagoshima Univ., Japan, unpublished data). Number of tree species (and Shannon-Wiener Diversity Index) in Plots K, LD and HD were 269 (6.69), 246 (5.81), and 126 (4.29), respectively. The three most frequent trees were Shorea laevis, Dipterocarpus confertus, and Cotylelobium melanoxylon in Plot K; Macaranga gigantea, Madhuca kingiana, and Vernonia arborea in Plot LD, and M. gigantea, Litsea fi rma, and V. arborea in Plot HD. Although the vegetation in Plots LD and HD had not recovered to the pre-fi re level at the time of this study, secondary succession had clearly proceeded after the study by Otsuka et al. (2008) . For instance, the area covered by trees in Plot HD was limited 4 5 years after the fi re, but had expanded to more than half of the plot nearly a decade after the fi re. The proportion of trunk density of Plots LD and HD to Plot K increased from 63 to 95% and from 32 to 71%, respectively. The numbers of species of trees (diameter breast height 4.8 cm) in Plots LD and HD also increased from 229 to 246 and 92 to 126, respectively.
2. Soil sampling. Soil samples were collected in August 2006 and 2007 from the same point. Each plot was dissected into 10 m 10 m squares, and 10 squares were randomly selected per plot. About 100 grams of bulk soil was collected from 0 10 cm in depth of the A-horizon in the centre of each square. The soil of the area is mostly classifi ed as Ultisols (USDA classifi cation) with a pH of 4 5 as described previously (Otsuka et al., 2008) . Soil samples were named as K1-K10, LD1-LD10 and HD1-HD10 for Plots K, LD and HD, respectively.
In 2007, additional soil sampling was done from the same plots to examine the impact of tree species on belowground communities. M. gigantea (pioneer tree) and L. fi rma (primary tree) were distributed to all three plots, although there were only three M. gigantea individuals in Plot K except for infant trees. About 100 g of bulk soil was collected from 0 10 cm in depth of the A-horizon as described above from the points at 50 cm from the bases of these trees. Three, two, and two individual trees each of the two species were se-lected in Plots K, LD, and HD, respectively. The soil samples were assigned as KG1-KG3, LDG1-LDG2, and HDG1-HDG2 for M. gigantea, and KF1-KF3, LDF1-LDF2, and HDF1-HDF2 for L. fi rma, from Plots K, LD, and HD, respectively. All points where soil samples were collected were covered with leaf litters of a target tree.
All soil samples were passed through a 2-mm sieve to remove roots and stones, and stored at 20 C for about 2 weeks until the laboratory analyses were carried out.
3. DNA extraction and PCR amplifi cation. DNA was directly extracted and purifi ed from approximately 1.0 g of each soil sample in duplicate by an ISOIL DNA extraction kit (Nippon Gene, Toyama, Japan). The fi nal volume of each DNA solution was adjusted to 20 μl.
The 16S rRNA gene (16S rDNA) of total bacteria was amplifi ed from the extracted soil DNA by PCR with the same reaction solutions and primers as Otsuka et al. (2008) with the following cycle conditions: The initial denaturation step at 94 C for 10 min; 30 cycles of denaturation at 94 C for 30 s, annealing at 58 C for 30 s, and extension at 72 C for 30 s; and the fi nal extension at 72 C for 7 min.
For PCR targeting actinobacteria and AOB, amplification was achieved with nested PCR. The fi rst PCR was carried out, with the primer sets 273F-A3R (Monciardini et al., 2002) and CTO189F-CTO654R (Kowalchuk et al., 1997) for actinobacteria and AOB, respectively. The reaction conditions of the fi rst PCR were the same as described above, with a modifi cation of the extension time to 90 s for the 273F-A3R, and the annealing temperature to 55 C and the extension time to 45 s for the CTO189F-CTO654R. The 243F-A3R primer set was specifi cally designed by Moniciardini et al. (2002) for a wide range of actinobacteria from soil. CTO189F-CTO654R was specifi cally designed for almost all known ammonia oxidizers belonging to the class Betaproteobacteria, with the exception of some members of the Nitrosomonas oligotropha cluster and with several mismatches with the Nitrosomonas communis cluster (Mahmood et al., 2006) . PCR products were verifi ed by electrophoresis on 1% agarose gels and the appropriately sized DNA bands were excised. The excised PCR products purifi ed with Wizard SV Gel and PCR Clean-Up System (Promega, Madison, WI, USA) were used as templates for the second PCR, which was carried out under the same condition and with the same primer set as those for total bacteria (see above).
The PCR products were purifi ed as mentioned above and their concentrations were determined using a UV spectrophotometer, NanoDrop ND-1000 (NanoDrop Technologies, Wilmington, DE, USA).
Denaturing gradient gel electrophoresis (DGGE).
The DGGE analysis was carried out under the conditions described in Otsuka et al. (2008) with the following modifi cations: the denaturant gradients ranged from 30 to 60% or from 40 to 60%; each 750 ng PCR product targeting total bacteria, and 500 ng each of those targeting AOB and actinobacteria were applied to each lane in a denaturing gradient (DG) gel; electrophoresis was conducted for 10 h at 100 V.
A dendrogram was constructed by cluster analysis with KyPlot 4.0 software (Kyens Lab, Tokyo, Japan) based on the presence or absence of bands with a signifi cance level of 0.05, standardized Euclidean measure, and Ward clustering method whose output was in squared distance.
We obtained 30 samples (10 samples per plot) per year. Since the number of wells in a single DG gel was limited to 20, the following procedure was introduced to compare community composition of the three plots. First, within-plot community composition was examined for each plot separately by DGGE. Data were subjected to cluster analysis based on the differences in the banding patterns. From the resulting dendrogram, the 10 samples were divided into six distancebased clusters. One representative sample each was chosen from the six clusters per plot. As a result, 18 samples from three plots (six samples per plot) were selected and run on a single DG gel. The same procedure was adopted to examine community composition of total bacteria, actinobacteria and AOB.
To evaluate the effect of nearby trees on community composition of AOB, soil samples KG1-3, HDG1-2, KF1-3, LDF1-2, and HDF1-2, together with four representative samples from Plot K as reference, were applied to DGGE under the same conditions as described above.
Results and Discussion
Community composition of total bacteria
Many bands were commonly detected across the three plots in the DGGE banding patterns of total bacteria from the soil samples collected in 2006 and 2007. Figure 1(b) shows the DGGE pattern across the plots in 2007, including six samples each from the plots. Thirty-two to 42, 36-45, and 33-37 bands were detected in Plots K, LD, and HD, respectively, among which 28 bands overlapped across the samples. Similar results were observed in the 2006 samples ( Fig. 1 (a) ). It has been estimated that a sequence comprising 0.1 1% or more of the total DNA can be detected on a DG gel (Gelsomino et al., 1999; Muyzer et al., 1998) ; therefore, the community composition of total bacteria represents those of dominant bacteria. Thus, the homogeneous DGGE banding patterns indicate that many dominant bacteria were common across the three plots. We also reported a similar result that dominant bacteria were common between burnt and un- A lane number with K, LD, or HD means that the sample was from Plot K, LD, or HD, respectively. (Cluster HD) (Fig. 2a) : those in 2007 could be divided into three; one was composed of samples from Plot K (Clusters K), one mainly from Plot LD but partly Plot HD (Cluster LD-HD), and the other mainly from Plot HD but partly Plots K and LD (Cluster HD-K-LD) (Fig.  2b) . In Fig. 2a , most samples from Plots LD and HD formed a large cluster (Cluster LD-HD) distantly located from Clusters K1 and K2, and the dissimilarity index represented by the squared distance between Cluster K1 and Cluster LD-HD was 139 and that between Cluster K2 and the other clusters was 157. In Fig. 2b , three clusters are located distantly from each other, and the dissimilarity index between Cluster K and Cluster LD-HD was 156 and that between Cluster K and Cluster HD-K-LD was 208. It seems as if there are semi-specific community compositions to burnt and unburnt areas in 2006 and to each plot in 2007. However, Cluster K1 and Cluster HD formed a large cluster together and Cluster K2 was located distantly from the cluster in Fig.  2a , and samples from three plots also formed a single cluster (Cluster K-LD-HD) in Fig. 2b , indicating that the border between burnt and unburnt areas and that among plots were obscure. In addition, the bands commonly detected in all samples were ignored in the cluster analysis. For all of these reasons, the difference in the community compositions of the dominant soil bacteria among the three plots in 2006 and 2007 can be regarded as small. Thus, the present study indicated that a high commonality of dominant bacteria between burnt and unburnt areas remained stable after the previous study.
In the previous study (Otsuka et al., 2008) , soil samples from Plot K formed one cluster distantly located from samples from Plots LD and HD in 2002. The dissimilarity index within samples from Plot K was 65 and that between Cluster K and Cluster LD-HD was 180. These results indicated that the community compositions of dominant bacteria in Plot K were more homogeneous and more different from those in the burnt areas than in the present study. It is possible that a higher commonality of dominant bacteria existed across the burnt and unburnt areas in 2006/2007 than in 2002.
Community composition of actinobacteria
The DGGE banding patterns targeting actinobacteria from the soil samples collected in 2006 indicated the presence of common dominant actinobacteria in all plots (Fig. 3) , and this group was more homogeneous than total bacteria (Fig. 1) . Most bands were common to almost all samples across the three plots. In the derived dendrogram, a small difference in their community composition was recognized (Fig. 4) . However, this difference was much smaller than that in AOB as discussed in detail below, and clusters were not formed corresponding to the plot difference. It has been suggested that spore-forming bacteria including most actinobacteria thrive after fi res because they either survive heat or rapidly colonize on soils shortly after fi re (Va quez et al., 1993; Yeager et al., 2005) . This could probably explain the lack of difference among plots in the present study. At the same time, the lack of difference should mean that the vegetation difference between Plot K (primary forest) and Plots LD and HD (secondary forest) had little impact on the community composition of actinobacteria. A lane number with K, LD, or HD means that the sample was from Plot K, LD, or HD, respectively. 
Community composition of AOB
The DGGE banding patterns from the samples collected in 2006 and 2007, targeting AOB belonging to the class Betaproteobacteria, were heterogeneous among the three plots. Figure 5 shows DGGE patterns from the three plots in 2006 and 2007. There was no band common to all samples. Figure 6 shows the dendrograms based on the difference in the banding patterns in the DG gels from the three plots. In both dendrograms, the samples from Plot K formed clusters respectively. In addition, within-plot distance is larger in Plot K than in the other plots, indicating that the community composition of soil AOB was more homogeneous in the burnt areas (Plots LD and HD) after fi re than that in the unburnt area (Plot K). A somewhat similar formation of clusters was recognized in the dendrograms derived from the DGGE analysis of total bacteria (Fig. 2) . However, since the dissimilarity index of community composition of AOB between burnt and unburnt area was much greater than that of total bac- A lane number with K, LD, or HD means that the sample was from Plot K, LD, or HD, respectively. teria, the difference in the AOB community was more remarkable (Figs. 2, 6 ). Yeager et al. (2005) reported that the dominant AOB in burnt and unburnt forest soils were different one to 14 months after a forest fi re. Even nearly a decade after fi re, the presence/absence of the past fi re damage could possibly raise the difference in the community composition of AOB. The difference in the current vegetation as a result of past fi re could be a factor that infl uences the composition. This idea is consistent with the report that plant species or vegetation type can affect ammonia oxidation capacity or community composition of AOB (Mintie et al., 2003; Nugroho et al., 2006; Reay et al., 2005) . The largest within-plot distance of Plot K in the dendrograms could partly refl ect the greatest diversity of tree species in Plot K.
To examine the infl uence of plant species on AOB community composition, we collected soil samples near M. gigantea and L. fi rma in 2007. The DGGE banding patterns from the soil samples collected near M. gigantea and L. fi rma and in Plot K as reference (four points distant from the two tree species) were also heterogeneous (Fig. 7) . Figure 8 shows the dendrogram based on the difference in the patterns. Soil samples collected from the points close to the same species of tree did not form a cluster together in the dendrogram. The formation was somewhat similar to that in the dendrogram of AOB in 2007 (Fig. 6b) ; the samples from Plots LD and HD formed a mixed cluster separated from those from Plot K, with the exception of the samples KF1 and LDG2. These results indicate that at least M. gigantea and L. fi rma did not solely have a crucial impact on the community composition of AOB. It is possible that more widely peripheral trees could affect the community composition.
A heterogeneous banding pattern was found even within a single plot (cf. Fig. 5 ), indicating the possibility that the community composition of AOB was affected by small differences in the soil environment as indicated by Kowalchuk and Stephen (2001) . For example, temperatures near the forest fl oor and in soil were different among the plots (Hideyuki Shimizu, National Institute for Environmental Studies, Japan, unpublished data) apparently because of the difference in light intensity reaching the forest fl oor, which would also affect the composition of AOB.
Conclusions
In this study, impacts of forest fi re on community composition of soil bacteria nearly a decade after the fi re were examined. The DGGE-based community compositions of the total bacteria and actinobacteria were generally common among three plots, although the current vegetation was not the same. On the other hand, AOB communities were clearly different depend- ing on the presence/absence of past fi re damage. This study suggests that the level of long-term impact of forest fi re is different among bacterial groups, probably due to their taxonomic or ecological properties. This study also suggests that hardly-recovering bacteria such as AOB could be used as an indicator to assess the impact of fi re long after its occurrence.
It is known that fungi generally play prominent roles in carbon cycle in forest ecosystems (Blagodatskaya and Anderson, 1998) . It is also reported that the sterilizing effect of fi re on soils was more lethal to fungi than to bacteria (Smith et al., 2008) . Thus, when highlighting the impact of forest fi re on the carbon cycle, fungi, or a part of them, may also be another important group of microorganisms that could be indicators of the impact.
